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Executive Summary 
 
This design project is developed to determine the feasibility of CO2 Enhanced Oil 
Recovery (EOR) and CO2 sequestration in the Golden Pinnacle Reef Reservoir in the 
Williston Basin, North Dakota; with a specific analysis of the Shell Golden #34X-34 
(SWSE 34 T161N R87 W) well in Renville County, North Dakota, USA.  The objectives 
of this research are to: (1) Characterize the candidate reservoir; (2) Estimate the potential 
of CO2 EOR and the capacity of CO2 sequestration; and (3) Optimize the operations 
under different production/injection and economic options.  This research is conducted to 
establish the reservoir parameters and future production possibilities of the Golden 
Pinnacle Reef Reservoir.  In this model, the geology and depositional environment of the 
Golden Pinnacle Reef Reservoir is evaluated in order to develop a working geologic 
model, from which, simulations were conducted.  Previous production data is also 
analyzed to determine the properties of the formation water and oil, and to closely 
replicate the actual conditions in the reservoir.  The reservoir simulations are conducted 
using a commercial reservoir modeling software, donated by a petroleum services 










Since the beginning of the industrial revolution, the amount of atmospheric 
anthropogenic carbon dioxide (CO2) has increased at an alarming rate.  Increasing 
atmospheric CO2 concentrations have coincided with an increase in the average surface 
temperature on earth.   In recent decades, total CO2 emissions have accelerated, the 
United States produced 6,008 million metric tons of CO2 (MMTCO2) in 2005; this was 
an increase of over 20% from 1990’s 4,990 MMTCO2 emissions (EIA, 2007).  The 
primary source of anthropogenic CO2 was from the combustion of fossil fuels used for 
energy production, transportation and commercial processes. Over the next 30 years, 
energy use is expected to increase by more than 60 percent, to fuel economic and social 
development (Kheshgi et al, 2006).  Concern over global climate change due to increased 
greenhouse gas levels, has led many governments to search for new ways to reduce CO2 
emissions while continuing to meet energy demands.   
 
CO2 sequestration is one of the options under consideration to reduce greenhouse gas 
emissions.  There are two types of CO2 sequestration, indirect and direct sequestration.  
Indirect CO2 sequestration involves plants and soil absorbing or utilizing CO2 that has 
already been released into the atmosphere (EERC, 2006).  For direct CO2 sequestration, 
CO2 is captured and stored away from the atmosphere, most often from a point source 
such as fossil fuel burning power plants or industrial processes.  There are four primary 
means of direct sequestration:  deep ocean, unmineable coal seams, deep saline aquifers 
and mature and/or partially depleted oil and gas reservoirs (Gaspar et al, 2005).  Of the 
direct CO2 sequestration methods, geologic sequestration has become the method with 
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the most potential for long term storage of large amounts of CO2.  If the formation 
targeted for sequestration is a partially depleted or mature oil or gas reservoir, several 
benefits are apparent.  These benefits include:  (1) an economic gain associated with an 
increase in hydrocarbon recovery; and (2) an environmental benefit associated 
sequestering large amounts of CO2 away from the atmosphere (Asghari et al, 2006).   
 
North Dakota has a vast reserve of fossil fuels, which will continue to be the primary 
source of energy in the region for the foreseeable future.  Even with large deposits of 
fossil fuels, the supply is not unlimited and much of the deposits are not economically 
recoverable using traditional methods.  With the demand for energy continuing to 
increase, CO2 EOR and coal-bed methane are receiving consideration as methods for 
providing additional fossil fuel resources.  North Dakota has a probable recoverable oil 
reserve of 171 million barrels of oil (MMbo) and an additional possible 106 MMbo by 
means of CO2 miscible flooding (Nelms and Burke, 2004).  Most of this oil is in the 
Williston and Elk Point Basins in western North Dakota and are located along major 
structural subsurface features.  One limiting factor to initiating miscible CO2 floods in 
these areas is the distance from a CO2 point source.  In Fig. 1, the major oil reserves are 
grouped together by proximity to each other.  In each group, the total probable and 
possible recoverable oil reserves using current CO2 EOR methods are identified.  Only 
Group I is close enough to a point source of CO2, the Dakota Coal Gasification CO2 
pipeline.  This pipeline is used to transport CO2 from Beulah, North Dakota into the 
Weyburn oil fields in Saskatchewan, Canada (Whittaker, 2004).  CO2 floods could be 
initiated in the other groups if a point source was developed in those areas in the future. 
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Figure 1.   Groups of unitized oil fields and their remaining reserves that are potentially 
recoverable using current CO2 EOR methods (Burke and Nelms, 2004).  
 
The reservoir under study is a pinnacle reef in the Elk Point shelf in northwestern North 
Dakota, an area of prolific pinnacle reef development during the Winnipegosis deposition 
(Fig. 2).  Oil exploration in this region was spurred on by the discovery of the Keg River 
reefs in northwestern Alberta, Canada.  These reefs are estimated to have oil reserves in 
excess of one billion barrels, with many wells producing more than one million barrel.  
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The Keg River reefs are stratigraghically equivalent to the Winnipegosis (Precht, 1986), 
as shown in Figure 3.  The reefs typically found in the Winnipegosis Formation have 
broad flat tops with steep sides and range from 150 to 340 feet thick, with a typical aerial 
range from 0.3 to 3 square miles (Ehrets and Kissling 1987).  There have been ten 
pinnacle reefs penetrated in North Dakota, but unlike the Keg River pinnacle reefs in 
Canada, there is only one productive well (Precht, 1986).  The Shell Golden #34-34 
(SWSE 34 T161N R87 W) reservoir in Renville County, North Dakota had a short 
production run, initially producing 42 BOPD and 19 BWPD from perforations between 
8310-8313 feet in the pinnacle reef facies.  The Golden Reef Reservoir had a cumulative 
production of 1,763 BO and 11,204 BW before being plugged (Fischer and Burke, 1987).  
 
Figure 2.  Elk Point Basin and the location of the Golden Pinnacle Reef Reservoir 
(Modified from Heck et al, 2005).  
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Figure 3.  Stratigraphic nomenclature and correlation of Middle Devonian formations 
across the Elk Point shelf and Basin.  The Shaded regions represent formations 





In this design project, the goal is to investigate the potential of the subject reservoir’s 
capacity for CO2 storage under different conditions with an aim at increased oil recovery.  
There are many factors that influence the storage capacity and enhanced oil recovery in 
hydrocarbon reservoirs, including:  reservoir geology, fluid properties, past injection and 
production data and the method of CO2 into the reservoir.  All of these influencing factors 
will be thoroughly investigated in this study to determine the optimum storage of CO2.  
Two primary scenarios will be model: (1) CO2 injection for long-term storage only, and 
(2) CO2 injection for enhanced oil recovery (EOR) and long-term storage.  This design 
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project is accomplished by utilizing Schlumberger’s Eclipse Reservoir Modeling 
software (Schlumberger, 2006) to determine the amount of additional oil recovered and 
total amount of CO2 storage under different injection and production regimes. 
 
Background 
CO2 sequestration is not a new idea: it has been used for enhanced oil recovery (EOR) for 
decades.  The first carbonated water floods were tested in 1951 and as early as 1963 pure 
CO2 was being tested to see its effectiveness for displacing oil (Izgec et al, 2005).  The 
first CO2 flooding project was initiated in 1972 and since the early 1980’s CO2 flooding 
has been one of the primary means of EOR (Burke and Nelms, 2004).  CO2 flooding has 
been used effectively for recovering light to medium weight oils in mature and 
waterflooded reservoirs (Al-Dliwe and Asghari, 2005).  As of 2004, there were 71 active 
CO2 floods in the United States and 48 of those projects were in carbonate reservoirs 
(Manrique et al, 2006).    The growing number of CO2 projects up until recently has been 
closely linked to available natural sources of CO2.  However, the recent attention given to 
global climate change has spurred research and projects involving sequestering 
anthropogenic CO2 and piping it to mature oil fields.  Currently, electricity production 
from fossil fuel burning power plants is the largest stationary source of CO2, contributing 
about 40 per cent of all fossil fuel emissions (Kheshgi et al, 2006).  CO2 can be captured 
in power plant energy production by separating it out of the flue-gas, and from there it 
can be compressed and shipped by pipeline or tanker to an appropriate site, injected into a 
mature oil field and hopefully retained there permanently.   
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Injection of CO2 into underground reservoirs has two primary benefits:  It can greatly 
increase the amount of hydrocarbons recovered from mature oil fields; and it can be a 
means to permanently store CO2 in the subsurface and as a result reduce the amount of 
anthropogenic CO2 entering the atmosphere.  The Weyburn project is an example of the 
dual propose of CO2 sequestration (Whittaker, 2004).  The Weyburn project is located in 
southeastern Saskatchewan, Canada and is a $1.3 billion project which is expected to 
produce an additional 120 MMBO to 130 MMBO (Nelms and Burke, 2004).  CO2 is 
purchased from the Dakota Gasification Company’s synthetic fuel plant in Beulah, North 
Dakota and transported through 320 km of pipeline to the Weyburn Field in Canada.  The 
CO2 is injected into the Weyburn Field at 105 MMSCF per day with an additional 25 
MMSCF per day recycled and reinjected.  Over the life of the project (approximately 25 
years) it is estimated that 22 million tonnes of CO2 will be injected, with 15 million 
tonnes ultimately stored, which would otherwise have been vented into the atmosphere 
(Whittaker, 2004). 
 
It is important to know the properties of carbon dioxide to determine the feasibility and 
type of CO2 sequestration methods.  Carbon dioxide is a colorless and odorless gas that 
occurs naturally in the atmosphere, with current concentrations around 370 ppm (Gasper 
et al, 2005).  As stated before, CO2 is initially collected from a stationary point source, 
which can be a naturally occurring or man-made source.  CO2 is then usually captured 
using chemical absorption; however cryogenic, physical absorption and membrane 
technologies are also being used or tested.  After the CO2 is captured it must be 
dehydrated and then compressed.  When transporting CO2 in a pipeline it is compressed 
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above the critical pressure of 1,078 psi to obtain single-phase flow, usual operating 
pressure is between 1,200 and 2,500 psi (Nguyen, 2003).  If the CO2 is to be injected with 
the aim of increasing oil recovery, then often times it is compressed further to cause 
miscible displacement.  The threshold pressure in which CO2 is miscible with oil is called 
the Minimum Miscibility Pressure (MMP).  A CO2 miscible flood can increase the 
incremental oil recovery of light to medium weight oils by as much as 22%, while an 
immiscible flood results in an incremental increase of about 10% (Malik and Islam, 
2000).  Although both miscible and immiscible CO2 floods are used for EOR, miscible 
flooding results in a greater amount of oil recovered and thus is a more effective method 
of EOR.  The minimum miscible pressure of CO2 depends on the composition of the oil, 
higher density and viscosity oils require a higher pressure to reach miscibility.  When 
CO2 is miscible with oil it reduces the viscosity and increases the mobility of the oil 
generating a greater amount of recovery (Malik and Islam, 2000). 
 
In EOR the primary goal of CO2 injection is to increase the oil recovery, however if the 
injection is for long-term storage of the CO2 the conditions for injection are a little 
different.  When injecting CO2 for sequestration, the target formation should be capped 
by a regional aquitard, such as shale or salt, and should be free of fractures and 
improperly sealed wells (Bachu et al, 1994).  The top of the formation must be located at 
a depth that will ensure the CO2 is stored in a supercritical state.  This can be achieved at 
depths greater then 800 meters (2,625 ft), due to lithostatic pressure (Voormeij and 
Simandl, 2002).  For injection purposes, the permeability near the well should be high to 
increase the injection rate but the overall reservoir permeability should be low to ensure 
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long-term storage of the CO2 (Bachu et al, 1994).  Due to density differences between the 
formation water and the CO2, the CO2 will rise up after injection and form a layer under 
the cap rock and over the formation water.  The process of separation occurs faster when 
the density and viscosity of the formation water and CO2 have the greatest difference.  
Because of this it is better to inject the CO2 at high pressures so the difference in density 
between the two is minimized (Voormeij and Simandl, 2002).  Ennis-King and Paterson 
(2005) outlined three processes that contribute to the dissolution process.  The first is the 
diffusion of the CO2 within the formation waters.  Second is the reaction that can occur 
between the dissolved CO2 and formation minerals, dissolving and precipitating 
carbonate minerals; this process is much more important in carbonate formations.  
Finally, convective mixing occurs in the saturated formation water; as formation waters 
at the diffusion surface become saturated with CO2, the density increases causing the CO2 
saturated formation water to migrate down in the water column.  This process of 
convective mixing increases the rate at which the CO2 is stored in the formation (Ennis-
King and Paterson, 2005).   
 
The type of CO2 injection, whether it is for the EOR or long-term storage, requires 
different operation conditions and reservoir considerations.  For both cases, thorough 
knowledge of the formation characteristics is very important.  However, if the CO2 
injection is for enhanced oil recovery, then the CO2 inject levels and pressures are 
different than in pure sequestration injections.  For cases of pure sequestration, 




This design project will examine both CO2 injection for EOR, as well as defining the 
maximum amount of CO2 that can be permanently stored in the pinnacle reef formation.  
For both scenarios, the permeability and porosity distributions will be thoroughly 
examined as well as the formation water and oil.  In the case with EOR, at least one 
additional well will be emplaced and different configurations and injection techniques 
will be explored.  In the case for pure CO2 sequestration, the maximum amount of CO2 
that can be stored will be more important.  The methods in which the CO2 will be 
potentially stored will be more closely examined in this case.   
 
Before the reservoir can be modeled, the geology and geologic setting in which the reef 
was formed were examined, so assumptions could be made about properties in case no 
data was available.  The subject reservoir is in a pinnacle reef, part of the Winnipegosis 
Formation formed during the Kaskaskia sequence in the middle of the Devonian (Perrin, 
1982).  At the beginning of the Kaskaskia sequence the sea returned to the Elk Point 
Basin (Fig. 2), and laid down the dolomites of the Ashern Formation.  After a brief 
regression the first deposits Winnipegosis were laid down.  Perrin (1982) suggests that 
the Winnipegosis can be broken down into three episodes.  During the first episode, the 
Elk Point Basin was a wide flat platform and the deposits suggest a normal marine 
environment.  In the second episode of deposition the basin began to differentiate into 
two distinct regions, a deeper basin and a fringing shelf.  During this episode some of the 
irregularities on the basin floor grew into pinnacle reefs and struggled to keep up with the 
subsiding basin and rising waters.  At the end of the second episode the pinnacle reefs 
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reached their maximum height, ranging from 150 to 340 ft in relief off the basin floor, 
depending on their location in the basin.  The beginning of the third episode is 
characterized by a regression of the sea, which exposed the tops of the pinnacle reefs.  At 
that time the exposed tops were extensively dolomitized.  This was followed by a minor 
transgression and supratidal dolomites were deposited on top of the pinnacle reefs.  At 
the end of the third episode the regression continued and sea level fell substantially 
exposing the pinnacle reefs.  Redbeds formed on the top of the pinnacle reefs and the 
exposed sides were subject to vadose diagenesis.  At this point the deposits were that of a 
restricted marine environment; the waters became over saturated with salts and anhydrite; 
and salts were precipitated.  These were the first deposits of the Prairie formation which 
conformably overlies the Winnipegosis (Perrin, 1982), as shown in Figure 4.   
 
Figure 4.  The transgression and regression of the Kaskaskia Sequence and the 
formation of the Winnipegosis pinnacle reefs.  A)  The height of the water at the end of 
the second episode.  B) The beginning of the third episode the water began to fall 
exposing the tops of the reefs.  C)  A brief regression, D) followed by a final regression 
marking the end of the third episode.  The dashed line represents the level to which the 
reef was dolomitized (Perrin, 1982). 
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The pinnacle reef in question is the Shell Golden 34X-34 Reef (Golden Reef), located in 
Renville County, North Dakota.  This reef attained a total height of 285 feet and an aerial 
extent of approximately 160 acres.  The Golden Reef is primarily composed of 
carbonates and can be divided into two distinct subfacies: the upper strom-coral subfacies 
and the lower algal-peloid subfacies.  The upper subfacies extend from about 8,303 feet 
to 8,378 feet in depth, and are composed of dolomite with some intermixed limestone 
capped with anhydrite (Ehrets and Kissling, 1987).  The lower subfacies extend from 
about 8,378 feet to 8,588 feet and are composed mostly of limestone (Fig. 5).  The well 
was perforated in December 1980, between 8,310 feet and 8,313 feet in the upper reef 
subfacies.  Pumping began immediately, initially producing 42 BOPD and 19 BWPD.  
The oil had an API gravity of 27.5.  In July of 1981 the well was plugged after a 
cumulative production of 1763 bbl of oil and 11,204 bbl of water (Fischer and Burke, 
1987).  There is another well, the Shell Golden 44X-34, drilled prior to the Shell Golden 
34X-34 that was 930 feet away and completely missed the reef.  This initial well may 
provide some additional information about the immediately overlying material and the 
off-reef facies.  
 
From the preliminary analysis of this reservoir it appears that, due to the very small initial 
production run of this reservoir, injection of CO2 for long-term storage will be the 
primary focus.  Due to the location of the reservoir and its distance from a stationary 
point source of CO2 or CO2 pipeline, neither option seems immediately feasible.  
However, if another point source of CO2 was developed in the vicinity of this reservoir 
the findings of this project could become much more practical.    
  13
 
Figure 5.  Stratigraphic and facies cross section of the Golden Reef Reservoir.  The 
nodular portion represents the upper reef facies consisting primarily of dolomite.  The 
lower reef facies represented by the larger dots is composed of limestones and 
dolomitized limestones.  The off reef facies include basin laminate (horizontal ruled), 
Prairie anhydrite and (diagonal ruled) Prairie halite.  Darkened portions of the logs 
indicate ≥ 8% φ (Ehrets and Kissling, 1987). 
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Design Constraints 
One of the primary design constraints is the fact that the Golden Pinnacle Reef Reservoir 
is only penetrated by one well.  With this well it is possible to model the vertical 
heterogeneities but the horizontal heterogeneities can only be implied.  McCulloch et al 
(1968) suggest that a layer cake model can be used to adequately describe similar 
pinnacle reef reservoirs.  This model consists of dividing the reef into a series of layers 
parallel to the base of the reef.  The values of permeability and porosity will probably 
need to be adjusted to account for any heterogeneity in the actual layers so the production 
data can then be matched.  
 
Alternative Design Selection 
One alternate to modeling the Golden Pinnacle Reed Reservoir for CO2 EOR was to 
develop a hypothetical reservoir for the same purposes to get experience working with 
the ECLIPSE Reservoir Modeling Software.  This model will involve all of the same 
parameters discussed in the problem definition section.  By developing this model, the 
techniques could then be used to model another reservoir with more existing data.  This 
model would utilize all of the techniques that would have been used in the Golden 
Pinnacle Reef model.  Another possible design involves pumping CO2 into unmineable 
coal seams for the dual purpose of sequestering CO2 and for methane production.  A third 
design possibility was to inject CO2 into a deep saline aquifer at a large volume to track 




Final Design Selection 
The final design selected was to model the Golden Pinnacle Reef Reservoir in Renville 
County, North Dakota.  The limitations for this model were overcome by using 
approximations when existing data was not available.  Then, to test the accuracy of the 
model history matching with the original production data was completed, in this way the 
most accurate model was developed.  The reason this design was selected is it will 
provide more real world experience, since this is a real reservoir and this project could 
provide useful insight if the findings of this project were ever to be carried out.  The final 
design selection was to develop a dynamic simulation to determine the technical and 
economic feasibility of CO2 injection for EOR or for sequestration in the Golden 
Pinnacle Reef Reservoir. 
 
Plans and Specifications 
The first phase of the design is to collect and analyze all the existing geological data for 
the Golden Pinnacle Reef.  This includes, but not limited to, analysis of the well logs, 
core sample and production data.  The reservoir fluid and rock properties will also be 
analyzed.  Once all the applicable data is collected and analyzed, a geologic model will 
be developed, including the geometry, heterogeneity and their extents.  The reservoir 
model will be developed using the initial reservoir conditions, including the distribution 
of the pressure, temperature, porosity and permeability.  After all of the initial conditions 
have been determined the development of dynamic simulation will be done under 
different injection/production options, with different well configurations depending on 
whether the scenario is for EOR or for sequestration.  Once all of the models have been 
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developed and simulated, these simulations will be compared to the initial production 
data and tuned so they match the initial production run.  The next portion of the design 
will be to determine the economic and technical feasibility of implementing the finalized 
reservoir models.  This will be done to determine the cost benefit ratios of each scenario.  
The final portion of this design project is to prepare a report detailing the simulations and 
feasibility of the project and a subsequent presentation was given to the UND Geology 
and Geological Engineering Seminar Class. 
 
Budget 
The following budget was developed to determine the total cost for modeling the Golden 
Pinnacle Reef Reservoir, including both the hourly cost required for one qualified 
engineer to complete the task and the equipment necessary.  The hourly wage was based 
on the average entry level petroleum engineer (U.S. Department of Labor, 2007). 
 
Table 1.  Time allocation and total labor for the project 
Activity Time Required (hour) 
Data Collection 10 
Data Analysis 20 
Geologic Model Development 10 
Reservoir Model Development 10 
Simulations 50 
Economic Evaluation 5 
Report Preparation 20 
Presentation Preparation  10 
Total Time 145 










 (US dollar) 
Cost 
(US dollar) 
ECLIPSE 3 8,000 24,000 
  Total $24,000 
 
The total cost for modeling the Golden Reef Reservoir, including the cost of software and 
hour rate will be $28,250.  Any additional software or activities will be extra and will be 
discussed prior to implementation.  In the budget, the cost of injecting CO2 and/or water 
into the formation, emplacing additional wells into the reservoir, constructing pipelines 
for CO2 transportation, associated equipment, and manpower for implementing the plans 
were not estimated.   
 
Schedule 
The schedule for this design project is detailed in Table 3.  The timeline illustrates the 
estimated time necessary for one qualified engineer to complete this design project.  The 
time required to implement the plan are not estimated in this report.  
Table 3.  Schedule for implementation of the project. 
 
Activity  1-Jan 15-Jan 1-Feb 15-Feb 1-Mar 15-Mar 1-Apr 15-Apr 1-May 15-May 
Geologic Data Collection                     
Geologic Data Analysis                     
Develop Geologic Model                     
Develop Reservoir Model                     
Reservoir Simulations                      
History Matching of 
Simulations                     
Finalize Reservoir Models                     
Economic and Economic 
Evaluation                     
Presentation Preparation                     
Presentation                     




In order to accurately simulate any injection or production operation, the geologic model 
must first be established.  Based on the core descriptions of the Golden Pinnacle Reef 
Reservoir the model has been divided into twelve layers of varying length, width and 
thickness.  McCulloch et al (1968) suggest high relief reef reservoirs can be defined into 
a series of similar layers parallel to the base of the reef.  This model is known as the layer 
cake model and can be used to obtain an adequate model particularly when the reservoir 
is only penetrated by a single well.  The thickness of each layer was determined by 
grouping sections together with similar rock types and further divided into layers with 
similar porosity and permeability.  Permeability and porosity of each layer was 
determined by averaging the values from the core descriptions for each layer and applied 
to the entire width of the layer.  In most of the reservoir, the permeability in the vertical 
(perm-z) and horizontal (perm-h) directions was set equal to each other due to the vuggy, 
irregular structure of the reef.  Layer 1 and Layer 12 were defined with a vertical 
permeability one-tenth of the horizontal permeability due the type of deposition in those 
layers.  The width of each layer increases with depth to more accurately define the shape 
of the pinnacle reef.  This was done because an accurate model shape was not available.  
Values of each parameter in each layer and the corresponding limits of the layers are 























1 1800 8303 5 anhydrite dolomite 1.45 0.15 0.02 
2 2000 8308 20 dolomite1 6.74 13.27 13.27 
3 2200 8328 25 dolomite2 10.30 25.50 25.50 
4 2400 8353 25 dolomite3 11.60 11.45 11.45 
5 2600 8378 30 limestone 9.57 5.03 5.03 
6 2800 8408 30 limestone 9.57 5.03 5.03 
7 3000 8438 30 limestone 9.57 5.03 5.03 
8 3200 8468 30 limestone 9.57 5.03 5.03 
9 3400 8498 30 limestone 9.57 5.03 5.03 
10 3600 8528 30 limestone 9.57 5.03 5.03 
11 3800 8558 30 limestone 9.57 5.03 5.03 
12 10000 8588 20 dolomitized limestone 2.00 0.20 0.02 
 
Rock compressibility was determined using a correlation developed by Newman (1973) 
for limestone with a porosity-value range of 2% < φ < 33%.  The correlation was defined 
by the following equation and the values for rock compressibility are defined in Table 5. 
 
cf = 0.853531/(1 + 2.47664 * 106 * φ)0.92990      (1) 
Table 5.  Rock Compressibility by Rock Type 
Rock Type Φ % cf (psi-1) 
Anhydrite Dolomite 1.45 4.95791E-05 
Dolomite1 6.74 1.18876E-05 
Dolomite2 10.30 8.00806E-06 
Dolomite3 11.60 7.1701E-06 
Limestone 9.57 8.57461E-06 
Dolomitized Limestone 2.00 3.67646E-05 
 
From these reservoir properties the initial geologic model was developed and used as a 
starting point in each of the different simulations (Fig. 6).  Layers 1-11 were designed in 
open communication with the layer above and below it, but not in communication with 
the outer limits of each layer.  The boundaries of the top 11 layers are considered to be 
closed off since they are encased in the Prairie Evaporites, which were consider as 
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impermeable for the purpose of this simulation.  Layer 12 was modeled as the Ashern 
formation, which extends laterally over most of the Elk Point Basin and for the purpose 
of this design project, only a small portion of this layer was modeled.  The sides of this 
layer were set as open or infinite acting to represent the vast extent of the layer.  Since the 
reservoir had a strong water drive the bottom of Layer 12 was also set as open. 
Formation fluid properties were set equal to the initial conditions as described in the 
Formation Test Data by Fisher and Burke (1987).  The initial reservoir and fluid 
properties are defined in Table 6.   
 
 
Figure 6.  Three-dimensional display of the Golden Pinnacle Reef Reservoir and the 
location of one centrally located well.  The image also displays the pressure gradient 







Table 6.  Initial Reservoir and Fluid Properties 
 
Depth @ Formation top 8303ft 
Formation Temperature 212˚F 
Initial Formation Pressure @ 8311ft 4547 psia 
Aquifer Salinity 200,000 ppm 
Formation Water Specific Gravity 1.198 
Formation Water pH 5.58 
Oil/Water Contact Depth 8320 ft 
Oil Bubble Point Pressure 2405 psia 
Oil Gravity 27.5˚API 
FVF 0.830 Mscf/STB 
Oil Viscosity 12.05 cp 
 
Simulations 
In modeling the Golden Pinnacle Reef Reservoir six different injection options were 
considered to demonstrate the amount of CO2 that could potentially be stored in the 
reservoir.  Three of the models were prepared for pure CO2 sequestration under different 
injection options over different lengths of time.  The other three models were designed to 
demonstrate how much additional oil could be recovered and at the same time 
determining the amount of CO2 stored.  All of the models tested were developed with the 
Completions Modeling Tool in the ECLIPSE Reservoir Model Software package 
(Schlumberger, 2006).  The CO2 properties were imported into the ECLIPSE 
Completions Modeling Tool as gas properties and are detailed in Appendix A.  In each 
case, the maximum bottom hole pressure was set as a limiting factor for all injections, as 
defined by the North Dakota Department of Mineral Resources Oil and Gas Division.  
The maximum injection fracture gradient of 0.7 psi/ft resulted in a maximum bottom hole 
pressure of 5810 psi at 8300ft.  In each model the CO2 was injected above the minimum 
miscible pressure and was a single phase liquid.  Due to the density difference between 
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the formation water and the CO2, the CO2 pushes much of the water out of the reef and 
rises to the top of the formation water after the injection ceases. 
 
Pure CO2 Sequestration Models 
Three models were tested strictly for the purpose of long-term storage of CO2: (1) GPR-
vert1-1, (2) GPR-vert1reducedperm&poro, and (3) GPR-vert1-quickinj.  Each of these 
models demonstrates the effects of different injection options or variability in the 
reservoir permeability and porosity.  All of the pure sequestration models were design as 
two phase water and CO2 reservoirs since the amount of oil in the reservoir was small and 
located only in a thin band near the top of the reef. 
Model 1 – CO2 Sequestration 
Model 1 was designed to inject CO2 into the reservoir at a rate of 3300 thousand cubic 
feet of CO2 per day (Mscf/day) over the course of thirty years.  Thirty years was chosen 
because it is the average operational life of coal burning power plants (Ruether et al., 
2004).  The injection well was placed in the center of the reservoir and perforated from 
8303 ft to 8353ft.  The simulation parameters and results for this model are detailed in 
Table 7, graphs displaying changes over time and additional results are provided in 
Appendix B. 
Table 7.  Injection Parameters for the Golden Pinnacle Reef, Model 1. 
Simulation Run Time, year 100 
Simulation Time Step, day 120 
Well Perforation, ft 8303-8353 
Injection Rate, Mscf/day 3,300 
Injection Rate, Tonne/day 174 
Length of Injection, year 30 
Maximum Bottom Hole Pressure, psia 5810 
Total CO2 Injected, Mscf 36,135,000 
Total CO2 Injected, Tonnes 1,900,000 
  23
At the time the injection operation was completed the Golden Pinnacle Reef Reservoir 
was filled to capacity.  Any additional injection into the reservoir would result in a rapid 
increase in bottom hole pressure and the CO2 would be free to move into the Ashern 
Formations dolomitized limestone (Fig. 7).  The total CO2 injected in this regime was 1.9 
million tonnes. 
 
Figure 7.  Three-dimensional image of the CO2 saturation at the end of the 30-year 
injection period for Model 1.  The model is cut down at the center to display the CO2 
saturation in the reservoir (vertically  exaggerated for detail). 
 
 
 Model 2 - CO2 Sequestration – Variable Permeability and Porosity 
Model 2 was designed very similar to Model 1, except with an increase in permeability 
and porosity close to the well bore, then decreases with distance away from the well bore.  
This model was produced because the software cannot model the chemical reactions 
between the high pressure liquid CO2, formation fluid and the carbonates of the Golden 
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Pinnacle Reef.  The reaction that governs dissolution and precipitation of minerals in 
carbonate systems could be defined as (Omole and Osoba, 1983): 
 
 H2O + CO2 + CaCO3 ↔ Ca(HCO3)2       (2) 
 
Mechanisms which reduce permeability in the reservoir include solid deposition on the 
pore walls, in pore walls and blocking pore throats.  According to Izgec et al (2005), in 
carbonate reservoirs a major cause of the reduction in rock properties was due to the 
precipitation of Ca(HCO3)2 and NaCL, particularly if the formation water was highly 
saline.  In order to model injection rate and total potential CO2 storage, permeability and 
porosity were increased by ten percent in the first grid block surrounding the well bore 
and decreased by ten percent each additional grid block away from the well bore, out to 
five grid blocks away from the reservoir (Fig. 8 and Fig. 9).  Total reduction in 
permeability and porosity was then reduced up to forty percent of the original values.  
This reduction in permeability and porosity is likely different from what would occur in 
reality, and more studies need to be conducted to examine the actual reduction in 
properties and the extent and rate at which changes occur. 
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Figure 8.  Three-dimensional cross section of the Golden Pinnacle Reef Reservoir 
illustrating the change in porosity in the reservoir (vertically  exaggerated for detail). 
 
 
Figure 9.  Three-dimensional cross section of the Golden Pinnacle Reef Reservoir 




The simulation parameters for this model are detailed in Table 8, graphs displaying 
changes over time and additional data are provided in Appendix C. 
Table 8.  Injection Parameters for the Golden Pinnacle Reef, Model 2. 
Simulation Run Time, year 100 
Simulation Time Step, day 120 
Well Perforation, ft 8303-8353 
Injection Rate, Mscf/day 2,250 
Injection Rate, Tonne/day 118 
Length of Injection, year 30 
Maximum Bottom Hole Pressure, psia 5810 
Total CO2 Injected, Mscf 24,637,500 
Total CO2 Injected, Tonnes 1,297,000 
 
At the time the injection operation was completed the Golden Pinnacle Reef Reservoir 
was filled to capacity.  Any additional injection into the reservoir would result in a rapid 
increase in bottom hole pressure and the CO2 would be free to move into the Ashern 
Formations dolomitized limestone (Fig. 10).  The total CO2 injected in this option was 
about 1.3 million tonnes.  This injection scenario and the associated change in rock 
properties represent a total reduction of 31.5% of the maximum storage amount.  The 
actual expected storage volume of CO2 in this reservoir would probably be some where-
between Model 1 and 2.  More research would be necessary to determine the actual 
reduction in rock properties, as the reactions depend on the mineral distribution and pore 
geometry (Izgec et al, 2005).  
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Figure 10.  Three-dimensional image of the CO2 saturation at the end of the 30-year 
injection period for Model 2.  The model is cut down at the center to display the CO2 




 Model 3 - CO2 Sequestration – High Injection Rate 
Model 3 was designed with the same rock properties as Model 1, but with a much higher 
injection rate.  In this model the well extended one hundred feet into the reservoir and 
was perforated from 8303 to 8403 feet.  The injection rate in this simulation was set at a 
maximum of 20,000 Mscf/day with a maximum bottom hole pressure of 5810 psia.  
Injection into the reservoir began on January 2010 and ran until January 2018.  The 
injection parameters are listed in detail in Table 9, graphs displaying changes over time 




Table 9.  Injection Parameters for the Golden Pinnacle Reef, Model 3. 
Simulation Run Time, year 100 
Simulation Time Step, day 120 
Well Perforation, ft 8303-8403 
Injection Rate, Mscf/day 20,000 
Injection Rate, Tonne/day 1,052 
Length of Injection, year 8 
Maximum Bottom Hole Pressure, psia 5810 
Total CO2 Injected, Mscf 31,198,000 
Total CO2 Injected, Tonnes 1,642,000 
 
The injection rate never reached the maximum value of 20,000 Mscf/day; bottom hole 
pressure limited the amount of CO2 that could be injected and the maximum rate 
observed was about 12,500 Mscf/day (Fig. 11).  CO2 total storage was 13.5% lower in 
this case than in Model 1 and an optimum injection rate for long term storage is likely 
much closer to Model 1.  Lower storage was likely due to less effective sweep efficiency 
of the CO2 in pushing water out of the Golden Pinnacle Reef Reservoir.  At the time the 
injection was completed the reservoir could not contain anymore CO2 without CO2 
escaping into the Ashern Formation, also any further injection would rapidly increase 
reservoir and bottom hole pressure (Fig. 12 & 13). 
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Figure 11.  The injection rate in Model 3 was limited by the bottom hole pressure and 
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Figure 12.  Three-dimensional image of the CO2 saturation at the end of the 8-year 
injection period for Model 3.  The model is cut down at the center to display the CO2 
saturation in the reservoir (vertically  exaggerated for detail). 
 
 
Figure 13.  Three-dimensional image of the pressure distribution at the end of the 8 year 
injection period for Model 3.  The rate of injection in this model was limited by bottom 
hole and reservoir pressure.  The model was cut down to display the pressure in the 




CO2 EOR/Sequestration Models 
Three models were tested for the combined purpose of CO2 EOR & Sequestration: (4) 
GPR-CO2EOR, (5) GPR-CO2-WAG-EOR, and (6) GPR-WAG-EOR-MULTIWELL.  
Each of these models demonstrates the effects of different injection and production 
options or variability in the type of injection in the Golden Pinnacle Reef Reservoir.  All 
of the CO2 EOR-Sequestration models were design as three-phase (water, oil and CO2) 
reservoirs.  The rock properties in these models were the same as Model 1.  In each of 
these models the CO2 was injected above the minimum miscible pressure, which can be 
considered equal to the oil bubble point of 2405 psia (Gasper et al, 2005). 
Model 4 - CO2 EOR 
Model 4 was designed with two wells penetrating the reservoir.  One well was used for 
injection and the other for production.  Both wells were offset from the center of the 
reservoir by about 350 feet and were approximately 700 feet from each other.  The 
production well was perforated from 8308 to 8315 feet and the injection well was 
perforated from 8308 to 8323 feet at the start of the injection.  Production was set at a 
target of 250 stock tank barrels per day (STB/day) and ran for eight years.  The injection 
rate was set at 3,000 Mscf/day for the first ten years for optimum sweep efficiency and 
4,000 Mscf/day for the next twenty years to completely fill the reservoir with CO2 in 
thirty years.  Injection/production parameters are listed in Table 10, graphs displaying 





Table 10.  Injection/Production Parameters for the Golden Pinnacle Reef, Model 4. 
Simulation Run Time, year 35 
Simulation Time Step, day 120 
Injection Well Perforation, ft 8308-8323 
Production Well Perforation, ft 8308-8315 
Oil/Water Contact, ft 8320 
Injection Rate, Mscf/day 3,000-4,000 
Injection Rate, Tonne/day 158-210 
Length of Injection, year 30 
Production Rate, STB/day 250 
Length of Production, year 8 
Total Recovered Oil, STB 25,028 
Total Recovered Water, STB 366,157 
Total Recovered CO2, Mscf 463,188 
Maximum Bottom Hole Pressure, psia 5810 
Total CO2 Injected, Mscf 39,308,558 
Total CO2 Stored, Mscf 38,845,370 
Total CO2 Injected, Tonnes 2,044,493 
 
Production was stopped after eight years because the rate of oil production had decreased 
to almost nothing and CO2 production increased rapidly.  To reduce the amount of CO2 
that is pumped back out of the reservoir, this production run should be stopped after six 
years (Fig. 14).  In this injection/production option 25,028 STB were recovered and about 
two million tonnes of CO2 were permanently stored.  The amount of CO2 stored in this 
model was 7.6% higher than Model 1.  This increase in storage capacity was likely due to 
an increase in vacant pore spaces left behind by both the recovered oil and the produced 
formation water.  At the end of injection in Model 4 the reservoir was filled to capacity 
with CO2 and any further injection would result in a rapid increase in reservoir pressure 
and in CO2 escape from the reservoir into the Ashern Formation below (Fig. 15).   
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Figure 14.  Production rate of formation water (blue line), CO2 (green line) and oil (red 
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Figure 15.  Three-dimensional image of the Golden Pinnacle Reef Reservoir at the end of 
injection for model 4.  This image displays the location of both the injection and 
production wells and the CO2 saturation in the reservoir (vertically  exaggerated for 
detail). 
  
Model 5 – CO2 WAG EOR
Model 5 was designed as a two well model with one production well and one injection 
well.  Well location and spacing was the same as Model 4 (Fig. 16).  In an attempt to 
increase the incremental oil recovered a water-alternating-gas (WAG) injection option 
was utilized.  Manrique (2006) and Asghari et al (2006) both suggest that WAG 
injections can improve oil recovery by preventing early fingering and provide better 
sweep efficiency of the injected CO2.  However, Jarrell et al (2002) suggest that 
introducing water into the reservoir to improve oil recovery can substantially reduce the 
amount of CO2 stored.  For this reason, the goal of the injection should be thoroughly 
considered when deciding whether or not a WAG injection should be utilized.  Due to 
poor sweep efficiency and high cost of CO2, water was alternated with CO2 in the 
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injection operation every six months for the first two years, and then every other year for 
the next four years, and pure CO2 for the last twenty-four years.  The injection rate of the 
CO2 was 1,500 Mscf/day for the first ten years for optimum sweep efficiency and 4,500 
Mscf for the last twenty years to completely fill the reservoir with CO2 after production 
stopped.  The injection/production parameters and some results are listed in Table 11, 
graphs displaying changes over time and additional results are provided in Appendix F.  
 
 
Figure 16.  Three-dimensional cross-section of the Golden Pinnacle Reef Reservoir at 
the end of injection for Model 5.  This image displays the location of both the injection 
and production wells and the CO2 saturation in the reservoir (vertically exaggerated for 
detail). 
 
CO2 was injected into the reservoir at a rate of 1500 Mscf/day for the first ten years and 
then at a rate of 4500 Mscf/day for the remainder of the injection operation, and water 
was injected at a rate of 300 STB/day (Fig. 17).  In Model 5 the amount of oil recovered 
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was 31,660 STB, an increase of about 21% compared to Model 4.  However, the amount 
of CO2 stored was reduced by about 7%, approximately equivalent to the storage of 
Model 1.   
 
Table 11.  Injection/Production parameters for the Golden Pinnacle Reef, Model 5. 
Simulation Run Time, year 35 
Simulation Time Step, day 120 
Injection Well Perforation, ft 8308-8323 
Production Well Perforation, ft 8308-8315 
Oil/Water Contact, ft 8320 
Injection Rate, Mscf/day 1,500-4,500 
Injection Rate, Tonne/day 79-237 
Water Injection Rate, STB/day 300 
Length of Injection, year 30 
Production Rate, STB/day 250 
Length of Production, year 8 
Total Recovered Oil, STB 31,660 
Total Water Produced, STB 750,895 
Total Recovered CO2, Mscf 91,401 
Maximum Bottom Hole Pressure, psia 5810 
Total CO2 Injected, Mscf 36,461,436 
Total CO2 Stored, Mscf 36,370,035 




Figure 17.  The injection operation for Model 5 was designed to increase oil recovery 
and prevent CO2 fingering.  The blue line represents the injection rate of water and the 
green line represents the CO2 injection rate. 
 
 
Model 6 – CO2 WAG EOR – Multiple Wells 
Model 6 was developed to test the effectiveness of multiple injection wells surrounding a 
central production well.  This model was developed to increase sweep efficiency and oil 
recovery.  Nelms and Burke (2004) suggest that the maximum CO2 oil recovery occurs 
with a well spacing of less than 80-acres, with most successful CO2 EOR floods in Texas 
utilizing a 40 acre well spacing.  In this model each of the injection wells were located 
800 feet from the central injection well (Fig. 18).  Each of the injection wells was set for 
WAG injections, beginning with CO2 at 1500 Mscf/day, alternating every six months 
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with water at 300 STB/day.  After the first three years injection continued in all four 
injection wells for 17 years and an additional two years in two of the wells (Fig. 19).  The 
injection/production parameters are described in Table 12, graphs displaying changes 
over time and additional results are provided in Appendix G. 
 
Figure 18.  Three-dimensional display of the Golden Pinnacle Reef Reservoir and the 
location and spacing of the wells in Model 6.  The image also displays the pressure 





Figure 19.  Cumulative injection rate of all four injection wells in Model 6.  The bottom 
hole and reservoir pressure limited the injection rate at the beginning of the simulation.  
The blue line represents the injected water and the green line represents injected CO2. 
 
This injection/production option resulted in the highest amount of oil recovered and the 
greatest amount of CO2 permanently stored.  The amount of oil recovered in this 
simulation was 32% greater than Model 4 with CO2 storage up 3%.  The increase in oil 
recovery was expected since a much larger amount of oil was being swept towards the 
production well.  The increase in CO2 storage was mainly due to increased recovery of 
oil.  At the end of the simulation the reservoir was filled to capacity with CO2; and any 
additional injection would result in a rapid increase in reservoir pressure and movement 
of CO2 into the Ashern Formation (Fig. 20). 
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Table 12.  Injection/Production Parameters for the Golden Pinnacle Reef, Model 6. 
 
Simulation Run Time, year 35 
Simulation Time Step, day 120 
Injection Well Perforation, ft 8308-8323 
Production Well Perforation, ft 8308-8315 
Oil/Water Contact, ft 8320 
Injection Rate, Mscf/day 0-6,000 
Injection Rate, Tonne/day 0-315 
Water Injection Rate, STB/day 0-1,200 
Length of Injection, year 23 
Production Rate, STB/day 500 
Length of Production, year 8 
Total Recovered Oil, STB 36,791 
Total Water Produced, STB 29,864 
Total Recovered CO2, Mscf 179,285 
Maximum Bottom Hole Pressure, psia 5810 
Total Water Injected, STB 385429 
Total CO2 Injected, Mscf 40,290,133 
Total CO2 Stored, Mscf 40,110,848 
Total CO2 Injected, Tonnes 2,111,097 
 
 
Figure 20.  Three-dimensional cross-section of the Golden Pinnacle Reef Reservoir at 
the end of injection for Model 6.  This image displays the location of both the injection 
and production wells and the CO2 saturation in the reservoir at the end of the injection 
operation (vertically exaggerated for detail). 
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Simulation Limitations 
The simulations of the Golden Pinnacle reef were limited by several factors.  When 
constructing a geologic model for simulation it is important to remember that the 
simulation is only as accurate as the provided data.  In this case the reservoir was only 
penetrated by one well, so an assumption that the reservoir had continuous properties in 
the horizontal direction was used and only vertical heterogeneity was modeled.  Another 
limitation to this design was that the ECLIPSE Software does not model the CO2 moving 
into solution with the formation water or the chemical reactions with the formation rock, 
which would result in an increase in long term storage. 
   
Conclusions 
Geologic CO2 sequestration in the Golden Pinnacle Reef Reservoir could be a viable site 
for long term storage of CO2 with a maximum storage potential of 2.1 million tonnes in 
the Golden Pinnacle Reef Reservoir.  The total CO2 storage was dependent on the rate 
and type of injection and whether or not a production well was present.   
In pure CO2 sequestration cases the optimum CO2 storage resulted from a lower injection 
rate over a thirty year period.  Potential reduction of rock properties resulting from 
reactions between the formation fluids, rocks and the injected CO2 could reduce the total 
storage of CO2.  The actual reduction in the rock properties could not be accurately 
measured with-in this design project and more research would be required to determine 
the actual reduction, if any in the candidate reservoir. 
When EOR was the primary goal, CO2 WAG injections resulted in the highest amount of 
oil recovered, with multiple injection wells yielding the highest recovery of about 37,000 
  42
STB of oil.  Model 6 resulted in both the highest oil recovery and the maximum amount 
of CO2 sequestered, however this model would not be very feasible due to the high 
additional cost associated with emplacing the additional wells.   
The overall best injection/production option was Model 5.  In this model, 1.9 million 
tonnes of CO2 were sequestered and 31,660 STB of  oil were recovered.  In all of the 
models with a production well, the bottom hole and reservoir pressures were maintained 
at a lower level and storage was increased due to a greater volume of vacated pore 
spaces.  Additionally, if the reservoir’s water drive was stronger than modeled, simple 
injection, without production would result in a much lower storage volume and 
production from the reservoir would be necessary to achieve even the minimum amount 
of CO2 storage.  
At the time these simulations were completed, no existing point source of CO2 was close 
enough to make any of these models economically feasible.  The closest major point 
source of CO2 is the Dakota Coal Gasification Plant’s CO2 pipeline, which is located 
approximately fifty miles away from the Golden Pinnacle Reef Reservoir.  At one to two 
hundred thousand dollars per mile of pipeline, the profit from the incremental oil 
recovery would not be enough to cover the costs (Burke and Nelms, 2004).  However, if 
a point source was developed in this region, the Golden Pinnacle Reef Reservoir and the 
other pinnacle reefs in the region could be used as long-term storage sites for CO2.  If a 
point source were developed in the region, the findings of this design project could be 
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Table A-1.  CO2 Properties at 212˚F. 
D (ft) P (psia) z ρg (g/cm3) Bg (RB/Mscf) cg (/psi) μg (cp) 
  100 1.020019925 0.009597427 34.50768808   0.009664622 
  300 0.96016021 0.03058729 10.82753654 3.4691E-03 0.010086012 
  500 0.907572027 0.053932724 6.140706007 2.6431E-03 0.010716291 
  700 0.862212915 0.079478008 4.167001842 1.9823E-03 0.011571906 
  900 0.823962013 0.106929805 3.097218814 1.6519E-03 0.012685448 
  1100 0.792627828 0.135858503 2.437720105 1.2224E-03 0.014094723 
  1300 0.76795597 0.165718307 1.998481706 1.0242E-03 0.015836647 
  1500 0.749636814 0.195886185 1.690701179 8.4249E-04 0.017940713 
  1700 0.737313122 0.225714996 1.467270717 6.7730E-04 0.020421816 
  1900 0.730587609 0.254592001 1.30084607 4.2951E-04 0.023273669 
  2100 0.729030452 0.281992191 1.174447434 3.1057E-04 0.026464774 
  2300 0.732186755 0.307517208 1.076964136 3.0396E-04 0.029938802 
  2500 0.739583951 0.330914644 1.00081701 2.9735E-04 0.0336201 
  2700 0.750739156 0.352077404 0.940659643 2.6101E-04 0.037423385 
  2900 0.765166473 0.371027006 0.892616978 2.2466E-04 0.04126523 
5666 3100 0.78238424 0.38788685 0.853818594 1.7098E-04 0.045074501 
6032 3300 0.801922223 0.40285165 0.822101645 1.6685E-04 0.048799534 
6397 3500 0.823328759 0.416157968 0.795815603 1.4372E-04 0.052411141 
6763 3700 0.846177848 0.428058897 0.773690272 1.3050E-04 0.055901771 
7128 3900 0.870076188 0.438804204 0.754744375 1.1564E-04 0.059281947 
7494 4100 0.894670159 0.448625919 0.738220845 1.0407E-04 0.062575235 
7860 4300 0.919652755 0.457728586 0.723540139 9.4161E-05 0.065812781 
8225 4500 0.944770462 0.466283087 0.71026596 8.5901E-05 0.069028046 
8311 4547 0.950670506 0.468229088 0.707314033 8.4249E-05 0.069783856 
8591 4700 0.969830084 0.47442292 0.698079689 7.8467E-05 0.072251933 
8956 4900 0.994705513 0.482241977 0.686761046 7.2686E-05 0.075508251 
9322 5100 1.019344454 0.489793106 0.676173267 6.7730E-05 0.078809287 
9687 5300 1.043775088 0.497086992 0.666251602 6.4426E-05 0.082151246 
10053 5500 1.068112686 0.504091149 0.656994286 5.9470E-05 0.085509419 
10418 5700 1.092566174 0.51072905 0.648455388 5.7818E-05 0.088833161 
10784 5900 1.117444636 0.516879672 0.640739078 5.2862E-05 0.092041111 














































































Additional results for Model 1 
 
 
Figure B-1.  Total CO2 injected over the course of the simulation for Model 1.  The gas 
injected in this Model is CO2. 
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Figure C-1.  Total CO2 injected over the course of the simulation for Model 2.  The gas 





Figure C-2.  Field Injection rate over the course of the simulation for Model 2.  The gas 
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Additional results for Model 3 
 
 
Figure D-1.  Total CO2 injected over the course of the simulation for Model 3.  The gas 
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Appendix E 
Additional results for Model 4 
 
 
Figure E-1.  Total production over the course of the simulation for Model 4.  The gas in 
this simulation is CO2. 
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Figure E-2.  Total injection over the course of the simulation for Model 4.  The gas in this 
simulation is CO2. 
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Figure E-3.  Injection rate over the course of the simulation for Model 4.  The gas in this 








Field Injection Rate 
-- FOIR (G?R.C02EOR_E 100) 
--FGlR (GPR-C02EOR_E100) 
--FWI R GP -C02EOR_E -:>:> 





r T - 5000 
- - n - - + r - I t - H - - -
- n .. - - .. r - I t - n - - --
- n .. - - + r - I t - n .. - - + --
r - - - 1--rr - - -- - - - IT - - - - - -r -


















c- r r- -- I H I --
-f- f- f- - 3 
[D 
t;;. 
,:; - -- l --









I 1- -- --r It -





r-i - n r r - - + + I- - r - n f-+ - - + -- I 
jb - n r r - - + + I- - I r - n - - + -- - H r r - - + + I- - r - H - -i 
0 .00 0 
I I I I I I I I I I I I I I I I I I I I I I I I I I I 
0 2000 4000 6000 8000 10000 12000 14000 
TI ME DAYS 
Appendix F 
Additional results for Model 5 
 
 
Figure F-1.  Total production over the course of the simulation for Model 5.  The gas in 
this simulation is CO2. 
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Figure F-2.  Field Production rate in Model 5 over the course of the simulation.  The gas 
in this simulation is CO2. 
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Figure F-3.  Oil Saturation at the beginning of the simulation for Model 5. 
 
Figure F-4.  Oil Saturation at the end of the production run in simulation of Model 5. 
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Figure F-5.  Total Field Injection in Model 5 over the course of the simulation.  The gas 
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Figure F-6.  Bottom hole pressure in Model 5 over the course of the simulation. 
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Figure F-6.  Three-dimensional cross-section of reservoir pressure at the end of injection 















Additional results for Model 6 
 
 
Figure G-1.  Total production over the course of the simulation for Model 6.  The gas in 
this simulation is CO2. 
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Figure G-2.  Field Production rate in Model 6 over the course of the simulation.  The gas 
in this simulation is CO2. 
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Figure G-3.  Total Field Injection in Model 6 over the course of the simulation.  The gas 
in this simulation is CO2. 
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Figure G-4.  Field Injection rates in Model 6 over the course of the simulation.  The gas 
in this simulation is CO2. 
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Figure G-6.  Three-dimensional cross-section of the reservoir pressure when reservoir 
pressure was at a maximum for Model 6 (vertically exaggerated for detail). 
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